Introduction
Madagascar has been assigned a global conservation priority as one of the richest and most endangered ecosystems on Earth (Mittermeier et al. 1992; Sussman et al. 1994) . Large size, an equitable climate, extensive rainforest cover, and long isolation from other land masses has given rise to an exceptional level of biodiversity and endemism. Madagascar is equalled only by Australia in its proportion of unique terrestrial vertebrates and flowering plants. The flora includes an estimated 9300 identified species of which 81% are believed endemic (Phillipson 1994) . Approximately 50% of plant species are known from fewer than five locations (G. Schatz pers. comm.) making them rare or poorly known using conventional criteria for assessment of conservation status. Best known amongst the fauna are 28 extant species of endemic lemurs, widely recognized as the "flagship" taxa for biodiversity conservation in Madagascar (Mittermeier et al. 1992). Fourteen lemur species have become extinct since the arrival of humans during the previous 500-2000 years (Tattersall 1982) , and more than half of the surviving species are considered endangered or vulnerable (Harcourt & Thornback 1990; Mittermeier et al. 1992) .
Concern for Madagascar's unique biodiversity stems from an exceptional rate of forest clearing, fragmentation, and land degradation for subsistence agriculture and fuel production. A recent assessment, using 1-km resolution satellite imagery, estimated total forest cover to be only 11% of the island area ( The identification of priority areas for establishment of ICDPs in Madagascar has been constrained by lack of information on the size, condition, biodiversity, and conservation status of forest remnants. In recognition of the urgent need for collection, modeling and mapping of this information, the World Wide Fund for Nature (WWFInternational) commissioned a feasibility study to investigate the need for a centralized Geographic Information System (GIS) based biodiversity planning service (BPS) in Madagascar ). This study concluded that existing landscape information was inadequate for reserve planning at a regional scale and that a centralized GIS facility would need to be coupled with regional programs to collect new biological, socio-economic, and bio-physical data . A pilot study, to test rapid, low cost survey methods for regional biodiversity planning using GIS, was initiated in western Madagascar by WWF-I in 1991 (Smith et al. 1991) .
Clearing has been most severe in the seasonally deciduous (monsoon) rainforests of western Madagascar.
Western primary forest cover declined from 12.5% in 1950 to approximately 2.8% in 1990 (Smith 1997), relative to an average cover of 11% in the whole of Madagascar in 1990 (Nelson & Horning 1993) . The surviving 712,000 ha of primary western forest is highly fragmented and dispersed. The largest remnant (94,000 ha) is threatened by timber harvesting and slash and burn agriculture and is not well represented in reserves. The region surrounding and including this remnant was chosen as the site for a trial evaluation of a GIS-based procedure for bioregional planning, referred to as RACE (after RApid Conservation Evaluation), adapted from Davis et al. (1990) and Ferrier and Smith (1990) . This procedure combines rapid biological survey, multivariate habitat modeling, social impact assessment and GIS mapping and overlay procedures to identify optimum areas for location and management of reserves.
Our study presents the findings of the trial evaluation of RACE in western Madagascar, using lemurs as an indicator group. Lemurs are an ideal flagship taxa for biodiversity planning in Madagascar because they include some of the most endangered fauna on the island, their ecology is better known than that of most other vertebrate taxa, they are forest dependent, and they have a central role in development of the ecotourism industry as a means of providing alternative employment and stabilizing development in buffer zones around protected areas. Specific aims of the trial were to * evaluate the effects of cultural disturbance (logging, clearing, and hunting) on lemur distribution and abundance in the region; * predict and map the distribution of lemur habitats and biodiversity; * estimate regional lemur population sizes; * evaluate the adequacy of existing reserves for protection of representative lemur habitat; * identify optimal locations for location and management of new reserves; and * evaluate the effectiveness of the RACE methodology for bioregional planning.
Methods

Study Area
The survey region was located in the western zoogeographic subregion of Madagascar (Nicoll & Langrand 1989) where it encompassed the largest fragment of the remaining natural forest on the central west coast, in an area of approximately 60 by 40 km, northeast of Morondava (Fig. 1) . The study area (Fig. 2) Investigations subsequent to this study suggest that M. murinus in the study area comprises two separate species, M. murinus and an undescribed species (J. Ganzhom pers. comm.). For the purpose of this study these species were considered as one. Any evidence of anthropogenic activity at survey sites, including logging, grazing, hunting, burning or gathering, was visually estimated during habitat surveys and recorded to provide indices of cultural impact for correlation with lemur diversity.
Conservation
Detectability of Lemurs
The number of arboreal mammals detected by spotlighting on line transects can vary significantly with weather conditions, season, time of night, vegetation structure, observer expertise, speed and mode of travel (A. Smith unpublished data). These variables were measured and compensated for, where possible, prior to habitat modelling. No significant relationships were found between species abundance and time of night or survey duration for all walk transects. There was a general trend of increasing abundance for all species with day of survey, but this effect was attributed to confounding between season and habitat quality, because a higher proportion of good quality sites farther from villages were surveyed later in the study.
The greatest potential source of error in spotlight surveys arose from differences in detectability of animals within forests of different structure and visibility. Detectability refers to the rate at which animal counts decline with increasing distance from the observer. It is a function of vegetation structure and lateral and vertical visibility. Detection profiles, showing the proportion of animals counted in increasing right angle, distance classes away from the observer, were not found to differ significantly (chi-square test) between lemur species, or between road walk and site walk transects, but a highly significant difference was found between detection profiles in primary and secondary forest (Fig. 3) . Detectability out to a lateral distance of 40 m was 2.9 times higher in secondary forest due to the openness of the terrain. Such differences in detectability between forest types can introduce noise or bias to habitat models when samples from both high and low detectability habitats are included in the one analysis. This problem was overcome by applying a correction factor of 0.34 to counts out to 40 m on six secondary forest transects prior to analysis of quantitative walk transect count data, and by using an effective strip width of 12 m instead of 40 m in secondary forest for analysis of presence/absence data (see Table 1 A correlation matrix was used to identify any spatial autocorrelation amongst continuous environmental variables, and Principal Components Analysis was used to group correlated variables into independent factors, or key underlying environmental gradients within the study area. The following three important factors were recognized (factor loadings are given in parentheses):
( 
Results
Threats to Lemur Populations and Habitats
Statistically significant associations between lemur species richness, the abundance of individual lemur species, and mapped and estimated environmental variables at survey sites (including factor scores) are summarized in Table 2 . These associations provide an overview of the relative importance of cultural and natural environmental variables as predictors of regional lemur abundance. The Stepwise multiple regression was used to identify which additive combination of environmental variables best predicted lemur species richness and the abundance of individual lemur species in all walk transect sites and combined road and walk transect sites. All factors, independent variables, and the best predictor variable from any set of autocorrelated variables were used in model formulation (Table 3 ). These models clearly indicate that the cultural variables, primarily slash and burn agriculture, and root harvesting and stock grazing close to villages, are much better predictors of lemur species richness and abundance in the Morondava region than natural site variation at the macrohabitat scale. Lemur species richness and abundance generally declined with increasing cultural disturbance. The abundance of stumps, an indicator of selective logging activity, was the only cultural variable positively associated with lemur species richness.
The regression model for P. verreauxi (model a, Table  3 ) indicates that greater numbers of this species were detected later during the survey period. This effect was attributed to autocorrelation between time of survey and disturbance because the least disturbed habitats were surveyed last. When disturbance is entered into stepwise regression models before time of year (model b), time of year has no significant additive effect on P. verreauxi abundance.
The amount of variation in lemur abundance explained by these models is comparatively low. Unexplained variation can be attributed to inadequate survey effort (sample number or transect length), particularly for rare species, or the effects of unmeasured environmental variables not included in the analysis. We attempted to distinguish these effects by examining the relationship between survey effort and the explanatory power of linear regression models. Multiple R values for the best simple or stepwise multiple regression models for each species (from Table 3 A sample decision tree model is presented for average lemur species richness in each 200-m transect (Fig. 4) . This model shows that the variable disturbance was best A decision tree model is also presented for L. ruficaudatus (Fig. 5) . This model shows that the variable disturbance was best able to split sites into groups high and low L. ruficaudatus frequency of occurrence (chisquare = 21, p = 0.0002). L. ruficaudatus was detected at 57 sites in primary forest and only one site in secondary forest. Six other variables (vegetation; minimum rainfall; elevation; distance away from village; maximum rainfall; and geology, in decreasing order of importance) were also significantly associated with L. ruficaudatus occurrence and could have been used as alternatives to disturbance in the first split.
Step two in the model shows that, within primary forest, L. ruficaudatus occurred significantly more frequently within areas of higher minimum rainfall. The occurrence of L. ruficaudatus was also significantly greater in areas of higher elevation and areas with exposed sandstone substrates. Either of these variables could have been used as alternatives to minimum rainfall in the second split. The third step shows that L. ruficaudatus occurrence is significantly greater within high rainfall areas of primary forest greater than 2 km from streams. After the third split no further statistically significant splits were possible. This model, and alternative models derived by varying the order of entry of different variables at each split, all indicate that L. ruficaudatus is most frequently encoun- tered in high rainfall, primary forest, on higher elevation sites distant from villages and streams. Similar decision tree models were developed for each lemur species except Microcebus and M. coquereli, neither of which exhibited significant associations with mapped variables. P. furcifer occurred in both primary and secondary forests but was significantly more abundant in primary forest. Within secondary forest it was significantly more abundant at distances more than 4 km from villages and within primary forest it was significantly more frequent on slopes > 1?. All lemur species were more abundant in primary than secondary forest, and four species were only detected in primary forest (Table 4) on walk transects. Three species, Microcebus, M. coquereli, and P. furcifer were detected in secondary forest but only Microcebus appears to be common in secondary forest.
These associations indicate that all lemur species in the study area are responding to similar cultural disturbance gradients, but that some species, notably Microcebus and M. coquereli, are more disturbance tolerant than others. All lemur species were most abundant in primary forest, and average lemur species richness was greater in the higher rainfall, higher elevation primary forests distant from villages. This model was used to map relative lemur species richness using the overlay capabilities of the GIS (Fig. 6 ). This map provided the best overall indication of patterns of relative lemur species richness and abundance throughout the study area.
Estimation of Lemur Population Size
The population size of each lemur species was estimated from measures of mean lemur abundance in primary and secondary forest. Mean densities on walk transects in each disturbance stratum were multiplied by the total area of primary (94,013 ha) and secondary and degraded forest (40,065 ha), and summed to give estimated population sizes for the study region (Table 4) . Lemur densities and population sizes were also estimated from the habitat strata and distribution maps generated by decision tree models and the GIS. Mean density of P. furcifer was calculated for each habitat suitability class by frequency density conversion (Caughley 1977 ) of presence absence data on 363 transects and by multiplication by a correction factor of 2.2 to allow for the lower rate of lemur detection on road drive transects relative to site walk transects. Densities were multiplied by the area of each habitat suitability class and summed to give an estimate population size. A worked example is given in Table 5 . The resulting population estimate for P. furcifer using presence absence data from all sites and transects was 148,000 individuals, which is close to the estimate of 145,000 derived from measures of mean abundance in primary and secondary forest at the 64 site walk transects only. Our population estimates should all be regarded as minimums because a portion of individuals are likely to have been undetected in nests or tree hollows at the time of survey. Our estimates of lemur density are either within the range of, or slightly lower than previous estimates in the region and elsewhere in Madagascar (Table 6) . Lower values were expected as our estimates are averaged over large areas including suboptimal as well as optimal habitat, in contrast to localised studies which often focus on patches of high quality habitat. 
Gap
Threat Analysis
Biodiversity maps alone are insufficient for identifying the most suitable locations for protected areas in developing countries because they do not necessarily consider the risk of future anthropogenic disturbance. Areas that support the highest biodiversity are often also the most suitable for development and face the greatest risk of future clearing or modification, particularly in Madagascar where regulation and enforcement of clearing legislation is difficult. We developed a second layer of primary information, a threat map, for inclusion in the reserve selection and design process. The risk of disturbance in the Morondava study area was mapped by modelling associations between the frequency of occurrence of secondary forest and mapped environmental variables in the GIS. A decision tree analysis, using a rectangular grid of sample points imposed on the study area, found distance to village to be the best predictor of secondary forest (chi-square = 20, p = 0.0002) and distance to trafficable roads to be an important secondary predictor in areas more than 4 km distant from villages (chi-square = this study * Previous estimates within study region 10, p = 0.012, Smith 1997). The ratio of primary to secondary forest increased linearly with distance from village, from 89% secondary forest within 2 km of villages to 27% secondary forest within 2-6 km of villages and 1% secondary forest more than 6 km from villages.
Using distance to village and distance to trafficable road as predictors we generated a map of disturbance risk in the study area (Fig 6) . This map was overlayed with the lemur species richness map to produce a map of "conservation priority areas" (Fig. 6 ) which provided the foundation for development of a hypothetical reserve plan (Fig. 6) . This plan includes a core conservation area essentially free of disturbance, a partially disturbed buffer zone of 4-8 km width in which regulated harvesting and hunting may be permitted, and a multiple use area suitable for forestry and conservation. This analysis unequivocally demonstrates that the principal existing reserve in the Morondava region (Andranomena) is not in the optimum location, and that further conservation effort would be better directed to the north-east.
Discussion
Threats to Lemurs in the Study Area
Lemur species richness and abundance in seasonally dry rainforest remnants north of Morondava was found to be most strongly associated with a clearing disturbance gradient (from primary forest to cleared savanna), and a cul- tural impact gradient (the sum of all visible evidence of clearing, zebu and pig husbandry, root gathering, hunting and burning). Four lemur species (L. ruficaudatus, P. verreauxi, C. medius, E. fulvus) were largely restricted to undisturbed primary rainforests in the study area. Three species, Microcebus, M. coquereli, and P. furcifer, occurred in secondary forests, but at less than half their density in primary forest. The ability of these species to occupy secondary forests is consistent with their smaller size and insectivorous-omnivorous diets. Only M. murinus can be regarded as common in secondary forest and potentially able to survive in the absence of primary forest, although C. medius has been reported to occupy well established secondary forest elsewhere in Madagascar (Harcourt & Thornback 1990 ). We were unable to model the habitat requirements of this species conclusively as many individuals were thought to be aestivating during the earlier portion of the study. Negative associations between lemur species richness, the abundance of individual lemur species and cultural impact can be attributed to a combination of habitat degradation and hunting. We observed use of snares and traps for harvesting arboreal mammals in the study area (set primarily for E. fulvus, J. Ganzhorn pers. comm.) and commonly found remains of felled trees with hollows that had been chopped open. Larger nocturnal lemurs with low reproductive rates such as L. ruficaudatus may be particularly vulnerable to extraction from tree hollows. Our data suggest that this activity is most prevalent in areas harvested for wood production. As evidence of hunting is difficult to obtain indirectly, it is possible that hunting impacts are more severe than indicated by our data. Hunting of ground dwelling tenrecs is reputedly severe in close proximity to a village in Kirindy Forest (Ganzhorn et al. 1990 ). Our data indicate that habitat clearing and degradation, particularly by zebu, declines significantly with increasing distance from villages, having a measurable impact up to a radius of approximately 8 km.
An interesting finding was the apparent lack of any significant negative association, and a contributory positive association, between logging disturbance and lemur abundance. Legal timber harvesting was occurring under the management of the CFPF (Centre de Formation Professionelle Forestiere de Morondava) in a 10,000 ha timber concession near the village of Marofandilia (Fig.  2) at the time of study. Timber harvesting is based on low intensity (10m3/ha) individual tree selection and manual harvesting methods. Disturbance of non-commercial species was minimal and logging trails are regenerated after harvesting (Ganzhorn et al. 1990 ). The overall supply of timber is limited, and the concession area available at the time of the study (Fig. 2) was expected to be exhausted in less than a decade. This concession was doubled in size after the present study to include unlogged and undisturbed primary forest to the north of the current concession (J. Ganzhorn pers. comm.). Evidence of illegal, manual timber harvesting was apparent outside the concession along almost all trafficable roads and oil exploration tracks throughout the survey region.
Although low intensity selective logging does not appear to have directly affected lemurs, road building associated with logging has increased access to the region for illegal slash burning and hunting and this effect is likely to be detrimental in the longer term. Ganzhorn et al. (1990) reached a similar conclusion in studies of timber harvesting and hunting impacts on small terrestrial mammals in the Kirindy forest.
Natural Variation in Lemur Distribution and Abundance
The study area is characterised by relatively uniform, low relief, a relatively uniform geological substrate, and a lack of permanent streams. Some vegetation zonation is apparent, based on proximity to streams, increasing rainfall and elevation, and the occurrence of sandstone 
Regional Conservation Planning
The human factor is an important element in conservation planning in Madagascar. Dedication of forest remnants as protected areas reduces the area available for susbsistence hunting and gathering and future slash and burn agriculture. Reserves dedicated without community support, and lacking a management infrastructure, are at risk of progressive degradation. This is clearly illustrated by changes in forest cover in the Reserve d'Andranomena, the only government nature reserve in the study area (Fig. 2) . Primary forest cover in this regional nature reserve has declined by more than 44% over the past 45 years (Smith 1997 ). The threat of clearing can be re-duced by locating conservation reserves in areas at low short term risk of clearing, surrounding reserves by buffer zone, which allows some degree of sustainable natural resource exploitation, and by establishing ICDPs or similar management programs that provide the staff and resources for reserve protection and management.
Our findings unequivocally demonstrate that the existing small nature reserve in the study area, Reserve d'Andranomena, is poorly located and at high risk of clearing and disturbance due to its proximity to roads and villages. A more suitable location for establishment of a new protected area for biodiversity conservation exists in the north east of the survey region. This area was located by overlay of relative lemur biodiversity and disturbance risk maps (Fig. 6) . It is dominated by higher site quality (higher rainfall) primary forest and supports all lemur species known to occur in the region. It is also the only region in which sign of the Aye-aye was detected. The Aye-aye has not previously been reported in the region but is known to occur to the immediate north across the Tsiribihina River. Surveys of reptiles, birds and terrestrial mammals were carried out simultaneously with lemur surveys in the present study but data have yet to be analysed. On the basis of species location records we consider it likely, however, that the relative diversity of the non-lemur vertebrate species will also be greatest in the north east. A new colony of a regional endemic mammal species of particular conservation concern, Hypogeomys antimena (a large, rabbit-like, burrowing rodent) was located in this region during the survey.
Relationships between lemur diversity and human activity revealed in this study indicate that protected areas should be surrounded by buffer zones of up to 4-8 km in width to minimize the risk and impacts of clearing, hunting, harvesting, and zebu grazing on core conservation areas. If remnants are approximately circular in shape they need to exceed 20,000 ha in order to have a core area free of disturbance and more than 8 km from a forest edge. There are only four primary western dry forest remnants of this size left in western Madagascar (Smith 1997 ). The Kirindy remnant, investigated in this study, is the largest and offers the greatest scope for integrated conservation and development. Our study indicates that some level of timber harvesting may be possible in buffer zones surrounding core conservation areas provided that hunting by harvesting crews is controlled and no new roads are constructed that promote the spread of illegal hunting, harvesting, and slash and burn agriculture. A private undeveloped reserve, Analabe, comprising both highly altered and degraded forest as well as abundant primary forest in good condition, exists in the central west of the study region immediately adjacent to the main access road to the high biodiversity regions of the north east. Considerable potential exists for development of this reserve as an ecotourism facility for generation of funds necessary to improve protection and management of remaining primary forest remnants in the surrounding region. Morondava has many unique assets as a tourist destination, including abundant and visible lemur populations, spectacular baobab dominated forests, and locally abundant populations of Cryptoprocta ferox, a large, panther-like carnivore.
Role of GIS in Regional Biodiversity Planning
Early use of GIS for biodiversity planning focused on the use of existing biological records (from museum specimens and publications) for modeling and mapping species distribution patterns (Longmore 1986; Davis et al. 1990) . Although this approach has provided some useful products for biodiversity planning at a national scale, it has been the experience in both Australia (Ferrier & Smith 1990 ) and Madagascar that the existing biological records are either too unreliable or too scarce for objective biodiversity planning at regional scales, unless supplemented by field survey programs to collect new records. Compilation of published lemur distribution records and museum specimen records in Madagascar (Parc de Tzimbazaza) revealed the following deficiencies with existing information (after Smith et al. 1991): * inaccurate georeferencing (few records were located more accurately than 10 km); * inadequate geographic representation and significant gaps in sampling distributions (records are clustered around popular and accessible reserves and research centers); * historical changes in land use and habitat since records were made; * a percentage (approximately 5%) of records were incorrectly recorded (at nonsense locations) due to transcription errors; * a lack of absence (zero) records, most published surveys report only species presence, and species absence cannot be assumed unless surveys have been particularly comprehensive. The RACE procedure was designed to overcome these limitations by rapid, systematic collection of new fauna records suitable for multivariate statistical modeling and mapping of species distribution patterns using GIS. This procedure differs from traditional approaches to biological survey in placing emphasis on the following: * use of systematic survey techniques (independent of collector and survey conditions); * use of many small rather than few large survey sites; * stratification of survey sites using GIS to ensure sampling of all major environmental domains; * extrapolating from point location records to model and map species habitats and biodiversity patterns; * restriction of effort at each survey location to the minimum necessary to derive useful predictive models; * modeling associations with cultural as well as natural determinants of species distribution and abundance.
Because this methodology requires a modification of traditional approaches to biological survey it was of interest to compare the products of this approach with those of previous biological studies in the study area over the previous 25 years. Key conservation products generated by this study included the following: estimates of lemur densities; estimates of lemur population sizes; maps of lemur habitat and potential distribution; maps of relative lemur diversity; identification of threats and measures of lemur sensitivity to anthropogenic disturbance; maps of disturbance risk; and a map of conservation priority areas. Previous biological studies in the study area have made significant contributions in only two of these areas, estimation of lemur densities and identification of threats to lemurs and their habitats. Our density estimates are broadly consistent with those of previous localized studies (Table 7) , but provide additional measures of statistical reliability. Our evaluation of threats to lemur species is consistent with previous findings, but provides additional information on the spatial distribution of threats. The remaining products, including population estimates, maps of lemur habitat and diversity, and maps of disturbance risk and conservation priority areas, are presented for the first time in this study. The RACE procedure has provided a more effective method of regional biodiversity planning in western Madagascar than traditional approaches to biological inventory and the use of GIS for latent processing of biological records collected in previous decades. This study has shown that information generated by a stratified survey at a sampling intensity of less than 0.1% (ha per 1000), was sufficient to exceed the conservation benefits of decades of prior research and provide information of more direct relevance to bioregional planning. Repetition of these procedures, targeting additional taxa (birds, reptiles, and plants) in other biogeographic subregions would provide an objective foundation for identifying gaps in the existing protected area network and designing a more effective conservation network for the whole of Madagascar.
